Precision ultrasound sensing on a chip by Basiri-Esfahani, Sahar et al.
Precision ultrasound sensing on a chip
Sahar Basiri-Esfahani1,2, Ardalan Armin1,2, Stefan Forstner1, and Warwick P. Bowen1a
1ARC Centre for Engineered Quantum Systems,
School of Mathematics and Physics, The University of Queensland,
St Lucia, QLD 4072, Australia and
2Department of Physics, Swansea University, Singleton Park,
Swansea SA2 8PP, Wales, United Kingdom
Abstract
Ultrasound sensors have wide applications across science and technology. However, improved
sensitivity is required for both miniaturisation and increased spatial resolution. Here, we introduce
cavity optomechanical ultrasound sensing, where dual optical and mechanical resonances enhance
the ultrasound signal. We achieve noise equivalent pressures of 8–300 µPa/
√
Hz at kilohertz to
megahertz frequencies in a microscale silicon-chip-based sensor with >120 dB dynamic range. The
sensitivity far exceeds similar sensors that use optical resonance alone and, normalised to sensing
area, surpasses previous air-coupled ultrasound sensors by several orders of magnitude. The noise
floor is, for the first time, dominated by collisions from molecules in the gas within which the
acoustic wave propagates. This new approach to acoustic sensing could find applications ranging
from biomedical diagnostics, to autonomous navigation, trace gas sensing, and scientific exploration
of the life-induced-vibrations of single cells.
a w.bowen@uq.edu.au
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Over the past decade, cavity optomechanical sensors have emerged as a new class of ultra-
precise photonic sensors [1–5]. These sensors integrate a high quality mechanical resonator
with a high quality optical cavity (see e.g. [6]). The mechanical resonator amplifies the me-
chanical vibrations introduced by resonant signals and provides isolation from environmental
thermal noise, while the cavity resonantly enhances the optical response to the mechanical
vibrations. A characteristic feature of cavity optomechanical sensors is that they are of-
ten only limited by optical shot noise and mechanical thermal noise, allowing the intrinsic
limits in sensing performance to be approached [15]. This provides the ability to perform
exquisitely sensitive optical measurements, with sub-attometre precision [8]. At kilometre
scales it has proved crucial for the successful detection of gravitational waves [9]; while at
micro- and nano-scales it has enabled high performance acceleration, single-molecule, tem-
perature and magnetic field sensing [1–3, 10–12, 32], as well as provided a new approach
to control the quantum physics of massive objects, allowing quantum ground-state cool-
ing [27–29] and the generation of macroscopic non-classical states of motion [17, 18], with
applications in future quantum technologies (for e.g. see [19–21]).
Detection of acoustic waves is essential for many applications including medical diagnos-
tics, sonar, navigation, trace gas sensing and industrial processes [22, 23]. Most acoustic
sensors transform an acoustic pressure wave into vibrations of a mechanical element, and
detect these vibrations electrically via changes in piezoelectricity [24], resistivity [25], mag-
netic transduction or capacitance [26]. For many applications, high spatial, temporal and
directional resolution is a key requirement. This has driven development towards both ul-
trasonic frequencies, with their correspondingly short acoustic wavelengths, and microscale
sensing devices that are capable of resolving such waves at, near, or beyond their diffraction
limit [27]. The degradation in acoustic sensitivity that comes hand-in-hand with operation at
higher frequencies and with smaller sensing areas presents a major challenge [28]. While, for
an acoustic wave propagating through gas, the sensitivity is only fundamentally limited by
the random momentum kicks from gas molecules as they collide with the sensor, all existing
acoustic sensors are far from this limit. Their noise floor is, instead, typically dominated by
electronic noise. This has motivated recent progress in photonic acoustic sensors [12, 29, 31].
In this article we extend cavity optomechanical sensing to the measurement of acoustic
and ultrasonic waves, using a lithographically fabricated device suspended above a silicon
chip via thin tethers. By engineering its structure for high acoustic sensitivity, we reach the
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regime where gas molecule collisions dominate the noise floor. This allows noise equivalent
pressures of 8–300 µPa/
√
Hz at a range of frequencies between 1 kHz and 1 MHz. Compared
to acoustic sensors that use similar, but non-suspended, optical cavities and rely on refractive
index shifts and static deformations rather than nanomechanical resonances [32], the peak
sensitivity represents a more than three order-of-magnitude advance. Normalised by device
area, it outperforms all previous air-coupled ultrasound sensors by two orders-of-magnitude
at ultrasound frequencies from 80 kHz to 1 MHz.
RESULTS
Working principles of cavity opto-mechanical acoustic sensing
In general, cavity optomechanical sensors consist of a mechanically compliant element
coupled to an optical cavity. The mechanical element is displaced in response to an exter-
nal stimulus – in our case an acoustic wave. The optical cavity resonantly enhances the
optical response to this displacement, allowing precise measurement of the stimulus. Com-
monly, the coupling from displacement to optical response can occur in one of two ways:
dispersive [33] or dissipative coupling [34–36], both of which are used in our sensor. With
dispersive coupling, the mechanical displacement alters the cavity length, and therefore op-
tical resonance frequency (See Fig. 1a&b). In dissipative coupling, the displacement instead
alters the cavity decay rate, by modifying either the optical input coupling or intra-cavity
loss (See Fig. 1d&e). The concept of ultrasound sensors based on each coupling mechanism
is shown in Fig. 1, using a Fabry-Pe´rot cavity as an illustrative example. In both cases, the
output optical signal is linearly proportional to the amplitude of the applied acoustic wave.
In the simple case where the mechanical element has a single mechanical resonance, the
minimum detectable acoustic pressure for both dispersive and dissipative cavity optome-
chanical sensing is given by
Pmin(ω) =
1
rζA
√
2(µl +mγ)kBT +
1
N |χ(ω,∆)|2 , (1)
where A and T are the area and temperature of the sensor, respectively, and we assume
that the laser used to probe the optical response is shot noise limited (see Supplementary
Information for derivation). The acoustic pressure wave will only exert a force if it induces
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FIG. 1. Principles of dispersive and dissipative cavity optomechanical acoustic sens-
ing. (a&d) Conceptual schematics of Fabry-Pe´rot cavity-based dispersive (a) and dissipative (d)
sensors. In (a) an applied acoustic force drives harmonic oscillation of a movable cavity end-mirror
modulating the length and resonance frequency of the cavity. In (d) the force drives a mechanical
element that modulates the decay rate of the cavity. The modulation is monitored via the change
in optical transmission from the cavity. (b&e) Cavity transmission in the presence of dispersive
and dissipative coupling, respectively. The solid blue curves show the cavity transmission for the
initial position of the mechanical element while the red dashed curves show the modified cavity
transmission due to displacement of the mechanical element. (c&f) Amplitude of external-force
driven modulation in transmission of the cavity optomechanical system for dispersive and dissipa-
tive coupling, respectively, versus the detuning ∆ of the input laser field from the cavity resonance.
a pressure difference between the top and bottom surfaces of the mechanical element. This
is quantified by r, the ratio of the pressure difference to the peak pressure at the antinode
of the acoustic wave. ζ is the spatial overlap of the displacement profile of the mechanical
sensing element with the incident pressure wave (see Supplementary Information). The first
of the three terms under the square-root quantifies the thermomechanical noise introduced
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by collisions with molecules in the gas surrounding the resonator, where µ is the coefficient
of viscosity of the gas and l is a device geometry-dependent characteristic length-scale. The
second term quantifies the thermomechanical noise introduced by the fluctuation-dissipation
theorem due to the intrinsic damping of the mechanical resonator. m is the resonator
effective mass which is generally close to but less than the actual mass, and γ is the intrinsic
mechanical damping rate. The third term quantifies the optical measurement noise, with
N being the number of photons in the cavity and χ(ω,∆) an optomechanical susceptibility
which accounts for the optical and mechanical response of the sensor as a function of acoustic
drive frequency ω and cavity detuning ∆. In the case relevant to our experiments, where the
cavity decay rate is much faster than the acoustic drive frequency, the acoustic frequency
dependence is determined solely by the mechanical response and is independent of coupling
mechanism. On the other hand, the detuning dependence is fundamentally different for
dispersive and dissipative coupling (see Supplementary Information). For optical intensity
measurement, |χ| is zero when the probe laser is tuned to the cavity resonance (∆ = 0),
and maximised when it is detuned by |∆| = κ
2
√
3
. Conversely, for dissipative coupling,
|χ| is generally maximised for on-resonance optical driving. This difference is illustrated
in Fig. 1b&e. We finally note that, while derived here for cavity optomechanical sensing,
equation (1) is applicable quite generally when a mechanical resonance is used to enhance
the response of an acoustic sensor in a gaseous environment (such as [24–26, 38]) – only the
measurement noise term need be replaced to align with the specific choice of transduction
mechanism.
Fundamentally, the sensitivity of photoacoustic sensing is limited by the thermal energy
of the medium through which the acoustic wave propagates. In liquids, resonant ultrasound
sensors approach to within a factor of two of this thermal limit [39]. However, the far lower
acoustic impedance of gaseous media greatly reduces both the magnitude of the thermal noise
and the efficiency with which acoustic signals can be detected, significantly increasing the
challenge [32]. In this case, the thermal limit results from collisions of gas molecules with the
sensor surface, which introduces gas damping of the mechanical energy and is associated with
the first term under the square-root in equation (1). For the characteristic viscous length-
scale of our devices (l ∼ 8 mm, see Supplementary Information), their area of A ∼ 0.05 mm2,
an ideal pressure participation ratio and spatial overlap (r = ζ = 1), and a surrounding gas
of air at room temperature (µ = 1.8 × 10−5 kg/m s) we find this gas-damping thermal
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limit to be Pmin ∼ 1 µPa Hz−1/2. This predicted fundamental-noise limited sensitivity is
many orders of magnitude superior to previously reported ultrasound sensors of comparable
size [31]. For larger centimetre-scale sensors, the limit drops to tens of nanopascal levels, also
well beyond the state-of-the-art. To reach it, the intrinsic mechanical damping rate (γ) must
be smaller than the gas-damping rate (γgas = µl/m), such that a high quality, low mass,
mechanical resonator is advantageous. Furthermore, the measurement noise must be small
enough to allow resolution of the random thermal force from collisions of gas molecules
with the resonator. In general, it has proved challenging to simultaneously satisfy these
requirements. However, they align closely with the characteristics of optomechanical devices
developed over the past decade to study the quantum physics of nanoscale motion (see e.g.
[18, 41]).
Sensor design and characterisation
Here we develop a suspended spoked silica microdisk optomechanical system purpose-
designed for ultrasensitive ultrasound detection, as shown in Fig. 2a. Similar to a regular
microdisk cavity, light is confined in a high quality whispering-gallery mode around the pe-
riphery of the disk, maximising both the optomechanical susceptibility χ and the intracavity
photon number N for a given incident optical power. The use of thin spokes to suspend the
disk above a silicon substrate both further increases the optomechanical susceptibility by in-
creasing the compliance of the mechanical structure, and isolates the mechanical resonances,
greatly suppressing the intrinsic mechanical damping [18]. One compromise associated with
the use of spokes is a reduction in active sensing area. Here, we optimise the active area
within the constraints of the device footprint to functionalise spoked microdisks for efficient
ultrasound detection. We find that high mechanical compliance and isolation can both be
achieved while maintaining a 70% active area, such that the reduction in area only minimally
influences the acoustic sensitivity.
While suspension of the mechanical element offers significant advantages in terms of
mechanical quality and compliance, a potential disadvantage is that its underside is not
isolated from the acoustic pressure wave. One might expect this to reduce the pressure
difference across the resonator, decreasing the pressure participation ratio and degrading
the acoustic sensitivity. To explore this behaviour, we perform finite-element simulations
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of an acoustic plane wave incident on a spoked silica microdisk, with results shown in
Fig. 2d. The participation ratio is found to increase roughly quadratically with acoustic
wave frequency, exceeding 50% at frequencies above 800 kHz. We attribute the quadratic
dependence firstly to the increasing spatial gradient of the pressure wave with increasing
frequency and, secondly, to an increasing resonant confinement of sound between the sensor
and the substrate, as the acoustic wavelength becomes comparable to the height of the
airgap beneath the sensor.
The spoked microdisk is photolithographically fabricated with outer and inner radii of
148 µm and 82 µm, respectively, and a ∼ 1.8 µm device thickness, resulting in a small
mass of approximately 230 ng (see Methods and SEM image in Fig. 2a). The probe laser
is evanescently coupled into, and out of, the microdisk via an optical nanofibre, facilitating
direct coupling into fibre-optic systems. We note that on-chip packaging is also possible by
replacing the nanofibre with an integrated optical waveguide [42]. The microdisk supports
families of mechanical eigenmodes that can be resonantly driven via an acoustic field (see
Fig. 2b). The dominant effect of microdisk vibrations on the cavity resonance is generally
to modify the resonance frequency, providing a mechanism for dispersive optomechanical
sensing. However, vibrations can also enable dissipative sensing, modifying the distance
between fibre and microdisk and therefore the cavity input coupling.
Using the experimental setup shown in Fig. 2c, the mechanical and optical modes of the
sensor, as well as its acoustic response, were investigated via their effect on the transmission
of the probe laser through the nanofibre. An optical cavity mode with wavelength of around
λ = 1555.7 nm, in the telecommunications C-band, and with intrinsic quality factor of
3.6 × 106 was selected for the experiments (see Supplementary Fig. 1 and Methods). A
feedback loop was used to lock the laser wavelength at a fixed detuning with respect to this
mode, such that the experiment was insensitive to low-frequency thermal fluctuations in the
cavity and optical fibre circuit and drift of the probe laser wavelength.
To investigate the response, noise performance and sensitivity of the sensor, we detuned
the laser away from the optical resonance to the point of maximum slope with respect to
the cavity dispersion, optimising the dispersive transduction of acoustic signals. The noise
spectral density of the sensor was then measured using a spectrum analyser, as shown in
Fig. 3. At low frequencies (.50 kHz), the dominant noise mechanism is 1/f noise. At higher
frequencies, the noise floor is dominated either by laser shot noise or, near the resonance
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FIG. 2. Device architecture and experimental schematic. (a) Scanning electron micrograph
of the microdisk used in this study. The microdisk is an optical cavity which is evanescently coupled
to a tapered optical fibre. (b) Finite-element simulations of the modeshapes of two typical me-
chanical modes of the microdisk (left: second-order flapping mode, right: crown mode). (c) Shows
the phase sensitive and thermally stabilised experimental setup used to characterise the sensor.
NP: nanopositioner; MD: microdisk; PD: photodetector; FPC: fibre polarization controller; VOA:
variable optical attenuator; OI: optical isolator; FG: function generator; OSC: digital oscilloscope;
NA: network analyser; SA: spectrum analyser. (d) Shows the simulated pressure participation ra-
tio, i.e. the fraction of the total acoustic pressure acting on the mechanical structure, for a number
of frequencies. The insets display the pressure distribution at 105, 281 and 421 kHz, respectively;
while p/pmax is the ratio of the pressure to the pressure at the antinodes of the acoustic wave.
frequencies of mechanical eigenmodes, thermomechanical noise due to the combination of
intrinsic and gas damping with characteristic sharply peaked Lorentzian frequency response.
In order to quantitatively verify our model for cavity optomechanical acoustic sensing (see
equation (1) and Fig. 1c,f), we examined the acoustic response for the second-order crown
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FIG. 3. Noise spectrum, mechanical modes, and dissipative and dispersive coupling.
Top panel shows the noise spectral density of the microdisk coupled to the tapered fibre in the
absence of acoustic signal. The blue dashed line specifies the shot noise level given by the laser
intensity, and the black dashed line corresponds to the 1/f noise. The shaded Lorentzian peaks
specify the combined noise due to intrinsic damping and gas damping for several mechanical modes
of the device. The green and blue shading highlights examples of dispersively and dissipatively
coupled mechanical modes, respectively. γm quantifies the total mechanical dissipation rate of
each of these modes, including both gas and intrinsic damping. The bottom panels show the
ultrasonic response as a function of laser-cavity detuning at frequencies of 98 kHz and 315 kHz,
resonant with the second-order crown and flapping modes of the disk, respectively. The shaded
areas are fits based upon the theoretical expectation for system response as function of detuning
(see Supplementary Information) corresponding to dissipative (left panel) and dispersive (right
panel) coupling, respectively.
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and flapping modes of the microdisk shown in Fig. 2b. A piezo-electric element (PZT) was
used as an ultrasonic transmitter, creating an ultrasonic wave at each frequency, and the
response of the sensor was analysed using a vector network analyser. Specifically, the off-
diagonal scattering parameter (i.e., the coherent power transmission from the PZT to the
photodetector through the sensor) was recorded as a function of laser-cavity detuning. The
results are shown in the bottom panels of Fig. 3. The response of the flapping mode is zero on
cavity resonance, with maxima on either side, characteristic of the usual dispersive coupling
(c.f. Fig. 1f). On the other hand, the crown mode features a maximum at zero detuning,
characteristic of dissipative coupling (c.f. Fig. 1c). Dissipative coupling has been observed
previously in a waveguide-coupled microdisk [36]. In our case it is most likely due to the
large vertical displacement amplitude of the mode which modulates the taper-microcavity
separation, combined with first-order suppression of dispersive coupling inherent to crown
modes. The results show very good agreement to respective fits to dissipative and dispersive
coupling, as shown in Fig. 3, validating the theoretical models for both sensing mechanisms.
Characterising the sensor: Dynamic range and sensitivity
To experimentally quantify the noise equivalent pressure of the sensor, we interferometri-
cally calibrated the displacement of the PZT element as function of its drive frequency. The
acoustic pressure generated by the PZT was calculated from its displacement, air acous-
tic impedance and its distance to the sensor (see Supplementary Information for details).
The ultrasonic response of the system was then measured at different frequencies for which
the applied pressure was known. Fig. 4a shows, as an example, the response at 318 kHz
in the wing of the second-order flapping mode, relative to both the shot noise and ther-
momechanical noise introduced by intrinsic and gas damping. The signal-to-noise ratio is
SNR ∼ 40 dB with an applied pressure of Papplied = 120 mPa, measured over an integration
time of τ = ∆f−1 where ∆f = 200 Hz is the spectrum analyser resolution bandwidth. The
noise equivalent pressure can then be calculated as
Pmin(ω) =
√
τ
SNR
× Papplied(ω) ∼ 84 µPa/
√
Hz. (2)
This is in reasonably good agreement with the thermomechanical noise-dominated noise
equivalent pressure predicted from equation (1) of 100 µPa/
√
Hz, given the device area and
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temperature (T = 300 K), our simulated pressure participation ratio at 318 kHz of r = 0.055,
the effective mass of the flapping mode of m = 110 ng, its measured total mechanical
damping rate γm/2pi = (γ + γgas)/2pi = 1, 430 Hz, and its spatial overlap ζ = 0.14 with a
plane pressure wave (see Supplementary Information).
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FIG. 4. Evaluation of the noise equivalent pressure sensitivity and the linear dynamic
range (LDR). (a) Noise spectral density of the sensor near a mechanical mode of the microdisk
measured at an electrical bandwidth of 200 Hz. An ultrasonic pressure of 120 mPa at frequency
of 318 kHz is applied to the device resulting in a signal to noise ratio of ∼40 dB. The shot noise
is shown with the dashed blue line. The thermomechanical noise introduced by intrinsic and gas
damping is shown, respectively, by the purple and green shaded Lorenztian’s. The total noise is
fitted with the black dash-dot line, in good agreement with theory, and is dominated by gas damping
noise between 306 and 325 kHz. (b) Ultrasonic response of the sensor at different frequencies as a
function of ultrasonic pressure. The dashed grey line is a guide to the eye indicating the expected
slope for a linear response. The LDR is >120 dB for a measurement integration time of 1 second,
with its upper limit dictated by the measurement setup rather than the acoustic response. The
solid lines correspond to the measured data for each frequency and the dashed lines connect these
to the noise equivalent pressure that sets the lower limit of the LDR.
11
It is informative to examine the contributions to the noise equivalent pressure from in-
trinsic mechanical dissipation, optical shot noise and fundamental gas damping. As can
be seen from Fig. 4a, at the second-order flapping mode resonance frequency the shot noise
power spectrum is 13 dB below the combined thermomechanical noise from gas and intrinsic
damping, contributing 5% in power to the total noise. The fluctuation dissipation theorem
dictates that the ratio of noise power introduced by gas damping and intrinsic mechanical
damping is equal to the ratio of the damping rates, as may be directly confirmed from equa-
tion (1). By measuring the mechanical damping rate of the flapping mode as a function of
background pressure, we isolated these two components, finding that γgas/2pi = 1, 260 Hz
and γ/2pi = 170 Hz (see Supplementary Information). The gas damping noise power there-
fore dominates by a factor of γgas/γ ∼ 7.4. All-in-all, these results show that, at this acoustic
frequency, the noise equivalent pressure of the sensor is within 9% of the noise floor intro-
duced by thermal collisions of gas molecules with the sensing element. This gas damping
noise floor is fundamental, in that it cannot be eliminated without removing the gas through
which the acoustic wave itself propagates. To our knowledge, our sensor is the first acoustic
sensor which is sufficiently sensitive for it to dominate.
The resonantly enhanced bandwidth of the sensor around the second-order flapping mode
is given by the frequency band where the combined thermomechanical noise dominates shot
noise, i.e. between 306 and 325 kHz. The noise equivalent pressure is relatively constant
over this frequency range, before degrading at frequencies further from resonance. This
bandwidth could, in future, be extended by increasing the optical power used to probe the
sensor (and therefore N in equation (1)) or even by using quantum correlations to reduce
the optical noise level for fixed optical power [37].
To explore the wider bandwidth, we measured the response and noise equivalent pres-
sure for acoustic waves over the frequency range from 1 kHz to 1 MHz (see Supplementary
Information Figs. 7 & 8). As expected for a resonant sensor, both parameters vary signifi-
cantly over this range, exhibiting sharp resonant features. Resonantly enhanced narrowband
sensitivities of 8–300 µPa/
√
Hz are achieved for many frequencies across the range, with a
broadband sensitivity better than 10 mPa/
√
Hz maintained at all measured frequencies.
The upper limit of 1 MHz is not intrinsic, but rather introduced by the inability to generate
acoustic waves at higher frequencies due to the frequency response of our PZT transducer
and the high acoustic attenuation of air at high frequencies. Indeed, mechanical resonances
12
at hundred megahertz frequencies have been observed in cavity optomechanical systems of
similar size to those reported here (see e.g. [8]); while gigahertz resonance frequencies are
available in smaller devices (see e.g. [43]). Consequently, our approach can be expected
to perform well into this higher frequency range. While the device was not optimised for
audio frequencies, its performance at these lower frequencies remained sufficient to record
the Chris Jones song “Long After You’re Gone” in the lab environment by digitizing the
output of the photo-detector with no further processing and filtering (see online Supporting
Information, Video 1).
To investigate how the ultrasonic response changes when varying the magnitude of the
acoustic pressure, we recorded the system response at various frequencies as a function of
the applied pressure. As shown in Figure 4b, the sensor has a linear dynamic range (LDR)
of 120 dB. The lower bound on the linear dynamic range (LDR) of any sensor is given by
the noise equivalent signal (pressure sensitivity in case of an acoustic sensor) and the upper
bound is the deviation point from linearity [44]. In our experiments, this upper limit is set
by the maximum accessible pressure of ∼100 Pa, with the sensor response linear throughout
the range at all tested frequencies. Hence, the reported LDR is an underestimation.
Discussion
It is interesting to compare the sensitivity of our sensor with existing ultrasound sensors.
The peak sensitivity represents a more than three order-of-magnitude advance on previous
comparable air-coupled optical sensors [32], and is competitive with the best liquid-coupled
piezoelectric sensors [39] which benefit from four orders-of-magnitude larger sensing area
and near-ideal acoustic impedance matching.
The force experienced by an ultrasound sensor scales linearly with sensing area. Conse-
quently, as a general rule, sensitivity improves as the sensing area increases. To compare
our sensor to ultrasound sensors of different sizes, we therefore calculate the ultrasonic force
sensitivity, normalising the pressure sensitivity to area. Fig. 5 shows the comparison to
other air-coupled sensors over the frequency range from 10 kHz to 1 MHz. The performance
is particularly good at frequencies between 80 kHz and 1 MHz, where the ultrasonic force
sensitivity represents an advance of approximately two orders-of-magnitude. While this
demonstrates that the sensor is an especially good acoustic force sensor, it is worth noting
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FIG. 5. Ultrasonic force sensitivity in comparison with other air-coupled sensors. Ul-
trasonic force sensitivity is evaluated as the noise equivalent pressure sensitivity multiplied by the
sensing area and plotted versus frequency: open circles correspond to this work and solid symbols
show results of other optical (blue circles) and electrical (red squares) approaches. The improve-
ment of the sensitivity in this work is especially notable between 80 kHz to 1 MHz. Citations to
previous work are provided in the Supplementary Information.
that while the absolute pressure sensitivity in equation (1) does include an explicit inverse-
area scaling, it also includes implicit dependence on area through other parameters, such
as the sensor mass and characteristic length-scale l. Consequently, the comparison between
sensors of different size cannot be straightforwardly extended to absolute sensitivity.
Compared to liquid-coupled sensors, the peak ultrasonic force sensitivity of 370 fN Hz−1/2
is more than three-orders-of-magnitude superior to state-of-the-art piezoelectric sensors [29],
while also offering somewhat improved broadband sensitivity. The peak force sensitivity also
exceeds optical liquid-coupled sensors, such as the Fabry-Pe´rot sensor in Ref. [12] which has
sensitivity of around 1.8 nN Hz−1/2 (see Supplementary Information) and microring sensors
operating at 1.8 pN Hz−1/2 [29]. That the sensor is comparable, both in terms of absolute
pressure sensitivity and force sensitivity, with liquid-coupled sensors is notable given the
large reduction in acoustic energy transport at the air-sensor interface due to the more than
three orders-of-magnitude lower acoustic impedance of air compared with liquids [32].
The sensor could be scaled straightforwardly to larger or smaller sizes, for improved abso-
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lute pressure sensitivity or improved resolution/high frequency sensitivity, respectively. The
sensitivity could be further improved by engineering the physical structure of the device
to increase the pressure participation ratio, decrease the noise contribution from collisions
with thermal gas molecules, and improve the overlap of the mechanical motion with the
incident pressure wave. The participation ratio can be optimised, for a given acoustic wave
frequency, by controlling the height of the sensor above the silicon substrate. Indeed, our
modelling suggests that participation ratios even exceeding r = 1 are achievable due to res-
onant enhancement of the pressure wave between the substrate and device. This, in effect,
would represent a microscale acoustic resonator fabricated on a silicon chip, with signifi-
cant advantages over the bulk-machined acoustic resonators often used to enhance acoustic
pressure waves in other approaches [22]. The overlap ζ could be increased to near unity by
engineering the resonance frequency of a suitable mechanical mode, such as the first order
flapping mode, to coincide with the frequency of the pressure wave. The noise contribution
from thermal gas molecule collisions is determined by the geometry-dependent characteristic
length-scale l, which includes the effects of both squeeze-film molecular damping and air-
drag damping. Squeeze-film damping arises from the gas trapped between the device and
the substrate, and scales as inverse-height cubed. We estimate that it dominates air-drag
damping by a factor of twenty for our current device design (see Supplementary Informa-
tion), degrading the gas-damping-limited sensitivity by around a factor of five. By increasing
the separation of the device from the substrate to both suppress squeeze-film damping and
enhance the participation ratio, the sensitivity could be improved by more than a factor of
one hundred, reaching the sub-micropascal regime.
The improved ultrasound sensitivity and microscale resolution offered by our new acous-
tic sensing technique has prospects for a range of applications. For instance, it could allow
improved navigation and spatial imaging in unmanned and autonomous vehicles [45]; and
higher sensitivity high resolution photoacoustic trace gas sensing [22]. In trace gas sens-
ing, the sensitivity reported here could allow detection of carbon dioxide at ten-part-per-
billion concentrations with unprecedented spatial resolution (See Supplementary Informa-
tion). This could, for example, enable measurements of the respiration of individual cells
and bacteria, such as photosynthesis and gas exchange through the cell membrane [46, 47].
Our sensor could also be applied to observe acoustic waves generated by the nanoscale vi-
brations associated with cellular metabolism [23]. Measurements of these vibrations have
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been shown to allow diagnostic assays of cellular toxicity and antibiotic resistance [23], and
provide insight into molecular processes such as conformational changes [49]. Unlike current
atomic force microscope-based approaches [23], our sensor could allow these measurements
to be performed without physical contact, and therefore without disrupting the observed
processes or contaminating the sensor. Moreover, the measurements could be performed
with higher bandwidth, and resolve 100-picometre-level cellular vibration amplitudes at low
kilohertz frequencies and sub-picometer vibrations at above 100 kHz (see Supplementary
Information).
As with all ultrasonic sensors that use mechanical resonances (e.g. [24–26]), one potential
drawback of our sensor is that the best sensitivity is only achieved in narrow frequency
windows near each mechanical resonance. This is not a concern for applications such as
trace gas sensing and narrowband sonar where the signal is an acoustic tone of known
frequency. In scenarios where broadband sensitivity is required, our approach has several
attractive features compared to other resonant sensors. Firstly, the sensor is able to operate
simultaneously on multiple mechanical resonances over the full 1 kHz to 1 MHz frequency
band. Secondly, the combination of optical measurement and cavity enhancement provides a
low shot noise floor, allowing high sensitivity even away from resonance. Finally, the cavity
optomechanical architecture allows the use of techniques from quantum optomechanics to
enhance the broadband response of future sensors [15]. For instance, the optical shot noise
could be suppressed by engineering the cavity structure to increase the optomechanical
coupling (such as in, e.g., [41]) or using quantum correlated light [37], laser cooling could
be used to broaden and flatten the mechanical resonances without introducing additional
thermal noise [27–32] (see Supplementary Information), or laser levitated particles could be
used to entirely remove substrate thermal noise [52].
Methods
Device fabrication: The spoked microdisks were fabricated on silicon wafers, covered
with a 1.8 µm layer of thermally grown silicon dioxide. The wafer was first coated with
photoresist and spoked circular pads were defined using UV-photolithography (see Sup-
plementary Fig. 6a). After developing the photoresist, the wafer was exposed to buffered
Hydrofluoric acid, removing all the uncovered silicon dioxide (see Supplementary Fig. 6b)).
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The remaining photoresist was consecutively cleaned off with acetone (see Supplementary
Information Fig. 6c). In the subsequent step, the wafer was coated again with photoresist
for protection and mechanically separated into about thirty chips containing ten circular
silicon dioxide structures each. After separation, the photoresist was removed and the chips
were individually exposed to XeF2 gas, selectively removing the silicon and releasing the
silica structures (see Supplementary Fig. 6d and e).
Characterisation setup: Light from a 1555 nm tunable Erbium-doped fibre laser [NKT
Photonics, Koheras Adjustik] was guided to the experiment through an optical isolator to
avoid reflection back into the laser. The intensity of the laser was adjusted using a variable
fibre attenuator. The frequency of the laser could be thermally tuned over a range of about
one nm or electronically swept over tens of picometers using a built-in piezo element of the
laser cavity. The polarization of the light was adjusted using a fibre polarization controller
(FPC). A tapered nanofibre was used to evanescently couple the laser to a whispering-
gallery-mode of the disk. The crucial coupling distance between the taper and the disk was
coarsely adjusted using manual micrometer stages and optical microscopes. Fine-tuning was
implemented using a nanopositioning stage [Thorlabs MDT693A]. The transmitted light had
intensity of around 20 µW and was detected with an InGaAs-photodetector [New Focus 1811
DC-125MHz].
Optical mode characterisation: The optical mode of the microdisk was investigated
by measuring the transmission of the probe laser as a function of the laser frequency. The
frequency of the laser (λ = 1555.716 nm) was swept over the cavity optical mode using a
function generator (FG) and the probed laser transmssion was recorded with an oscilloscope
(OSC) (see Fig. 2c). The optical mode was found to have a quality factor Q = 1.8 × 106
when the tapered fibre was positioned so that the input optical coupling rate matched the
intracavity loss rate, i.e. critical coupling (see Supplementary Fig. 1). This implies an
intrinsic quality factor of 3.6× 106.
Noise floor and signal response: The high-frequency part of the signal was Fourier
transformed in a spectrum analyser [Agilent N9010A] to analyse the sensor noise spectrum,
and to calibrate the sensor signal to noise ratio (SNR). The system network response was
measured using a vector network analyser [Agilent E5061B] to determine the dependence of
the SNR on applied acoustic pressure and to determine sensitivity as a function of frequency.
The Network analyser was also used to calibrate a piezo element (Thorlabs AE0505D08F)
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as a function of frequency and voltage to operate as the acoustic source (see Supplementary
Information for detail).
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SUPPLEMENTARY INFORMATION
I. CHARACTERISING THE OPTICAL RESONANCE
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FIG. 1. Optical resonance. One of the optical modes of the micro-disk (λ = 1555.716 nm) is
shown with optical quality factor and cavity damping indicated on the figure.
The optical resonance used in the experiments was characterised by scanning the fre-
quency of the laser across the mode and fitting the observed transmission through the
tapered fibre to an inverted Lorentzian (see Fig.1). This allowed the coupled cavity decay
rate κ and quality factor Q to be determined. These were found to be κ = 112 MHz and
Q = 1.8 × 106 in critical coupling regime corresponding to an intrinsic quality factor of
3.6× 106.
II. PREVIOUS ULTRASOUND SENSORS
A. References for Fig. 5 in the main text
Fig. 2 provides citations to previous works on acoustic sensors.
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FIG. 2. Ultrasonic force sensitivity in comparison with other air-coupled sensors. s1 to
s11 refer to Supplementary Information references [1]–[11].
B. Effective area and ultrasonic force sensitivity of Fabry-Perot style acoustic
sensor
Apart from the Fabry-Perot style acoustic sensor of [12], the area used to normalise
the ultrasonic force sensitivity of the sensors discussed in the main text can generally be
unambiguously defined. In the case of [12], however, the different sensing mechanism, optical
detection of the refractive index modulation the pressure wave induces in a gas, makes the
appropriate definition less clear. To clarify this, here we consider the diffraction of an
acoustic wave incident on their sensing head.
The sensor head in [12] consists of a semi-enclosured space, with two vertical surfaces
serving as mirrors to define the Fabry Perot cavity and two horizontal surfaces consisting
of spacers to support the cavity. The final two faces of the enclosure are left open. The
system is then immersed in liquid, with an applied plane acoustic wave propagating into the
sensing region (the locality of the optical field within the cavity) through the open faces.
The acoustic wave modifies the refractive index of the enclosed gas and therefore the optical
path length in the cavity. The total field of view for the acoustic wave is approximately 2 mm
by 2 mm. The wave propagates for roughly 2 mm within the enclosure before reaching the
axis of the laser beam.
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We would like to know how the amplitude of the acoustic wave reaching the axis of the
laser beam, and therefore the signal-to-noise, would change due to diffraction if, rather than
a plane acoustic wave covering the full field of view of the sensor, the acoustic wave was
concentrated on a smaller area of the outer surface of the spacer. If that area matches
the cross sectional area of the laser beam through which the acoustic wave propagates
(2 mm by 60 micron) and it is found that the amplitude is approximately unchanged by
diffraction, the laser beam cross section would be the appropriate sensing area to choose.
On the other hand, if diffraction significantly decreases the amplitude of the acoustic wave
when it is concentrated to an area matching the laser beam cross section, the appropriate
sensing area can be found by increasing the concentration area until there is no significant
diffraction. Put another way, were the plane incident wave reduced in area, then for areas for
which diffraction is small, this would leave the pressure at the sensing region, and therefore
sensitivity, roughly unchanged. However, once the the incident plane wave area is reduced
to the point where diffraction plays a significant role, the pressure at the sensing region
would decrease for a fixed incident intensity, degrading the sensitivity.
To estimate the diffraction within the spacer we consider diffraction of a wave with
Gaussian profile, noting that this gives a minimum possible diffraction (e.g. the perhaps
usual square-profile would diffract faster). The diffraction length is then quantified by the
Rayleigh length
zR =
piw2
λ
, (3)
where w is the radius of the acoustic wave incident on the outside of the spacer and λ
its wavelength. Assuming that the liquid in which the sensor is immersed is water, the
longitudinal sound velocity is v = 1, 500 m/s. For their 1 MHz acoustic wave frequency,
this gives a wavelength of λ = v/f = 1.5 mm. We then ask, what radius of acoustic wave
would be required for it to not diffract significantly over the 2 mm propagation distance to
the laser beam axis? This is given by setting the Rayleigh length equal to 2 mm, so that
w =
√
zRλ
pi
∼ 1 mm, (4)
or an acoustic wave diameter of 2 mm. This implies that even an acoustic wave fully
spanning the 2 mm by 2 mm field of view of the sensor would experience significant diffraction
propagating through the spacer, and indeed given that the incident pressure wave profile
will not be Gaussian, that the effective area of the sensor is likely to be larger than the field
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of view. To be conservative, in Fig. 5 of the main text we choose the effective area to match
the field of view.
Given the reported noise equivalent pressure of 0.45 mPa/Hz1/2 in Ref. [12], we then
arrive at an ultrasonic force sensitivity of 1.8 nN/Hz1/2.
III. DERIVATION OF THE NOISE EQUIVALENT PRESSURE SENSITIVITY
We start by modelling the motion of a single mode mechanical oscillator at room tem-
perature in response to an external acoustic drive, and probed by a coherent field. In
regime where the mechanical thermal noise dominates on resonance, and the quantum
back-action noise on the sensor is negligible, we can take the high temperature limit where
n¯(ω) = kBT/~ω. In this regime, we obtain an optical shot-noise limited noise force floor.
The Langevin equations of motion for the mechanical displacement and the optical cavity
mode respectively are written as
m
d2xm(t)
dt2
+mγ
dxm(t)
dt
+ kxm(t) = FT + FD(t), (5)
da(t)
dt
= − i
~
[a,Hsys]− κ
2
a(t) +
√
κinain +
√
κlal, (6)
in which k is the spring constant, FT =
√
2mγkBT is the thermal force, γ is the mechanical
damping rate, FD(t) = rζPD(t)A is the acoustic drive force in which r is the pressure
participation ratio defined in the main text, PD is the acoustic pressure, A is the sensing
area, ζ quantifies the overlap of the displacement profile of the mechanical sensing element
with the incident pressure wave, and m is the effective mass of the mechanical mode. κin
is the input coupling of the cavity to the input optical field, κl is the intrinsic cavity loss
and κ = κin + κl. Moreover, Hsys = ~∆ca†a + ~g0a†axm is the Hamiltonian of the system
in the interaction picture rotating with the frequency of the laser in which the optical
detuning ∆c = ∆ + gdispxm + O
2 + ..., includes the dispersive coupling due to the presence
of the mechanical oscillation, and ∆ is the optical detuning in absence of the mechanical
oscillations. κin = κin,0(1− gdissxm) includes the dissipative coupling of the input field to the
cavity in response to the acoustic field up to the first order in xm. ain and al, respectively,
show the input optical field into the cavity and the vacuum input noise. In case where the
input optical field is a semi-classical coherent laser field, we can displace the amplitude of
the optical field such that a→ a¯+ αin where |αin|2 = N is the input photon intensity.
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The solution to equation (5) in Fourier transformed frequency domain is
xm(ω) = χm(ω)[FT + FD(ω)], (7)
in which the mechanical susceptibility χm is calculated as χ
−1
m = m(ω
2
m−ω2− iγmω), where
m and ωm are respectively the mass and the resonance frequencyof the mechanical object.
The output cavity mode, aout is related to the cavity mode, a, and the input mode into the
cavity, ain, through the input-output relation [13, 14], aout =
√
κina−ain. By solving equation
(5), the motional displacement of the mechanical resonator can be calculated. Moreover,
equation (6) can be solved in the frequency domain in linearised displacement regime to get
the cavity mode a. Using the solutions to equations (5,6) together with the input-output
relation, the output field of the cavity is calculated as
aout(ω) = (B(ω)− C(ω))xm(ω) +D(ω)ain + E(ω)al, (8)
in which
B(ω) =
−2iαingdispκin,0
(κ0 + 2i∆)(κ0 + 2i(∆− ω)) , (9)
C(ω) =
2αingdissκin,0
κ0 + 2i(∆− ω)
(
1− 2κin,0
κ0 + 2i∆
)
,
D(ω) =
κin,0 − κl − 2i(∆− ω)
κ0 + 2i(∆− ω) ,
E(ω) =
√
κin,0κl
κ0 + 2i(∆− ω) ,
in which κin,0 is the original value of the input coupling in absence of the acoustic pressure,
κ0 = κin,0 + κl, gdisp =
d∆
dx
is the dispersive coupling rate and gdiss =
1
κin,0
dκin
dx
is the
dissipative coupling rate. Hence, in the regime where |αout|  |a¯|, the output intensity of
the cavity can be calculated as Iout(ω) ∼ α∗outaout(ω) + αouta†out(−ω) where αout = |αout|eiϕ
is the average amplitude of the output field. The intensity can be rewritten as Iout(ω) ∼
|αout|Xϕout(ω), in which Xϕout(ω) is defined as the amplitude quadrature of the output field
fluctuations as Xϕout(ω) = aout(ω)e
−iϕ + a†out(−ω)eiϕ. As for the rest of the calculations we
require the output fluctuations, we normalize the output intensity as Iout(ω) → Iout(ω)|αout| ∼
Xϕout(ω). For the case of having only dispersive coupling where we assume gdiss = 0 we get
Xϕout(ω)|disp = χm(ω)(e−iϕB(ω) + eiϕB∗(ω))FT + χm(ω)ζA(e−iϕB(ω) + eiϕB∗(ω))rPD(ω)
+|D(ω)|Xθin + |E(ω)|Xφl , (10)
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where we have used this convention in the Fourier frequency domain that [a(ω)]† = a†(−ω).
For the case of having only dissipative coupling where we assume gdisp = 0 we have
Xϕout(ω)|diss = χm(ω)(e−iϕC(ω) + eiϕC∗(ω))FT + χm(ω)ζA(e−iϕC(ω) + eiϕC∗(ω))rPD(ω)
+|D(ω)|Xθin + |E(ω)|Xφl , (11)
where the area of the sensor, A, is the area of the disk.
Based on the above mentioned convention, [a(ω)]† = a†(−ω), the power spectrum of the
observable, Xout, is defined as [15]
SXoutXout(ω) =
∫ ∞
−∞
dω′〈X†out(−ω)Xout(ω′)〉
=
∫ ∞
−∞
dω′〈(a(ω)a†(−ω))(a†(−ω′)a(ω′))〉. (12)
The power spectrum, SXoutXout , can be used to calculate the noise equivalent pressure sen-
sitivity. Considering a signal to noise ratio (SNR) equal to unity, the noise power spectrum
becomes
SPP[
pa2
Hz
] =
1
r2A2
(2mγkBT +
1
N |χ(ω)|2 ), (13)
where we define χ(ω) as the optomechanical susceptibility, which depends on the particulars
of the coupling regime. For dispersive coupling it is
χ(ω) =
32gdisp∆κin,0χm(ω)(κ0 − iω)
(4∆2 + κ20)(4∆
2 + (κ0 − 2iω)2) , (14)
and for dissipative regime it is
χ(ω) =
[2gdissκin,0(−κ0(κin,0 − κl)(κ0 − 2iω) + 4∆2(κ0 + 2κin,0 − 2iω)]χm(ω)
(4∆2 + κ20)(4∆
2 + (κ0 − 2iω)2) . (15)
For the valid regime in this work, ω  κ, the optomechanical susceptibility reduces to a
simpler form of
χ(ω) =
2giκin,0χm(ω)
(4∆2 + κ20)
2
× C i, (16)
where i ∈ {disp, diss}, Cdisp = 16κ0∆ and Cdiss = −κ20(κin,0 − κl) + 4∆2(κ0 + 2κin,0).
IV. SENSOR RESPONSE
In equations (10) and (11), the coefficient in front of the external drive force by the
applied pressure, Pd(ω), is the response of the system. In Fig. 3, we have plotted the system
response versus detuning for both dispersive and dissipative regimes.
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(a) (b)
FIG. 3. Sensor response versus detuning of the laser form cavity resonance frequency.
Plots are for κl = 4 × 107, κin = 0.5 × 106, and ωm = 300 kHz,(a) For the case where the sensor
operates in pure dispersive optomechanical regime. (b) for sensor operating in pure dissipative
coupling.
V. UTILISING A MICHELSON INTERFEROMETER TO CALIBRATE THE
PIEZOELECTRIC SOUND SOURCE
To calibrate the piezo element (PZT1), we attached to it a light weight silver mirror (M1)
which is utilized as a mirror to be displaced in one of the arms of a Michelson interferometer
as shown in Fig. 4a. The interferometer is fed by a laser at λ ' 1555 nm and the output
interference signal is detected on a low noise photodetector as shown in the experiment
scheme. We used a secondary PZT element (shown as Phase control PZT in Fig. 4a) with
a mirror attached to it in the other interferometer arm to thermally lock its phase using a
PID (proportional integral derivative) controller.
To perform the measurement, we used a network analyser with its port 1 driving the
PZT1 (DUT) and port 2 receives the signal from the PD. The PI-controller output is con-
nected to PZT2 (phase control) through a voltage amplifier (Falco Sytems WMA-300). The
displacement spectrum of PZT1 can be calculated as
d(ω) =
λ
4
V (ωref)
Vmax
√
S21(ω)
S21(ωref)
, (17)
where S21(ω) is the off-diagonal network scattering parameter corresponding to the coher-
ent power transfer from port 1 to port 2 at a frequency ω. ωref is a calibration reference
frequency which was 20 kHz in our measurement. V (ωref) is the photodetector voltage at
ωref and Vmax is the maximum voltage generated by the interference, corresponding to a
λ
4
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FIG. 4. Michelson interferometer to calibrate the piezo-electric sound source. (a)
Interferometry measurement scheme. There are two mirrors M1 and M2 which are respectively
attached to PZT1 and PZT2 which are placed in the output arms of the interferometer. PZT1 is
the piezo element to be measured and PZT2 is used to lock the phase of the interferometer. PZT1
and PD are respectively connected to ports 1 and 2 of a NA with which we drive the PZ1 and
simultaneously measure the signal of the interferometer. (b) The measured displacement of the
PZT1 for a drive voltage of 707 mV at frequency spectrum from 1 kHz to 1MHz.
displacement. Throughout this measurement we always monitored the generated signal not
to saturate i.e., the displacement was always < λ
4
at a given applied voltage to the PZT1.
We confirmed that the displacement was a linear function of the applied voltage to PZT1.
At frequencies where the displacement was larger than λ
4
, we lowered the voltage in order
to avoid saturation. The high and low voltage measurements were then normalised with
respect to 707 mV and compiled. The results are shown in Fig. 4b for an applied voltage of
707 mV.
The acoustic pressure at the position of the PZT is calculated from the PZT displace-
ment and the air impedance, α=413 sPa/m as
PPZT (ν) = piνd(ν)α, (18)
and the acoustic pressure at the position of the sensor is given by
Psensor(ν) = c(ν)γ(ν)
−1PPZT (ν), (19)
where c is an attenuation coefficient dependent on the sensor-PZT distance (L). We cal-
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caulted this factor based upon on-axis diffraction of a plane wave from the PZT mirror
which acts as an apperture through which the sound wave is diffracted. In our measure-
ment the PZT-sensor distance was 10 cm and the appreture size was 7 mm x 7 mm. The
results of this calculation as a function of ultrasonic frequency is shown in Fig 5a. γ(ν) is
the atmospheric acoustic attenuation and depends on both L and air acoustic absoprtion
coefficient [16] which is significant only at high frequencies (>100kHz) for small L=10 cm.
This attenuation factor is shown in Fig 5b.
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FIG. 5. (a) atmospheric attenaution for sensor-PZT distance of 10 cm based on citation [16], (b)
the ratio of pressure at the position of the sensor to ultrasonic pressure at the PZT calculated from
on-axis diffraction for sensor-PZT distance of 10 cm.
VI. DEVICE FABRICATION PROCESS
Fig. 6 shows the process used to fabricate the ultrasound sensor.
VII. OVERLAP AND EFFECTIVE MASS FOR THE SECOND ORDER FLAP-
PING MODE
In order to compare the measured sensitivity near the second order flapping mode to
theoretical predictions, it is necessary to estimate the overlap ζ between the applied acoustic
pressure wave and the mechanical mode spatial profile, as well as the effective mass of the
mechanical mode.
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FIG. 6. Cross-sectional view of the microfabrication process. a)-c):Starting from a Oxide-
coated Silicon wafer, UV-photolithography and HF-wet-etch were performed to define the Silica
structure. d) and e): A XeF2 dry-etch isotropically removes silicon and releases the silica-structure.
The overlap can be calculated as
ζ =
∫
A
u(~r)δp(~r)dA, (20)
where the integral is taken over the surface of the resonator; and u(~r) and δp(~r) are the
mechanical displacement in the direction of the vertically incident pressure wave and the
pressure acting on the resonator, respectively. u(~r) is normalized to equal unity at the
maximum displacement of the mode and δp(~r) is normalized to the acoustic pressure at an
antinode of the pressure wave.
The effective mass can be calculated as
m = tρ ·
∫
A
|u(~r)|dA, (21)
where t is the thickness of the resonator, ρ is it’s density, so that M = tAρ is the total mass
of the resonator.
We used COMSOL multiphysics to determine u(~r) for the second order flapping mode.
From Eq. (21) we then found that the effective mass of the mode was equal to about half
the total mass of the resonator, m ≈ 0.5M ≈ 110 ng.
Considering that the pressure on the sensor, δp, is due to an incident plane wave, we
found an overlap of approximately ζ = 0.14 from Eq. (20).
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One might expect this overlap to be zero, since the mode exhibits a rotational symmetric
tilting motion around the axis of the device with downwards motion at the inner edge of the
device at the same time as the outer edge is moving upwards. This counter-motion would
lead to a cancellation of the force applied by a plane pressure wave. However, the node of
the mode is closer to the outer edge than the center-of-mass of the annulus, leading to a
residual center-of-mass motion and a non-vanishing overlap.
VIII. SENSITIVITY AND RESPONSIVITY
The experimentally measured pressure sensitivity (black line and blue circles) and the
applied pressure (red line) are shown as a function of frequency in Fig 7. The sensitivity
is calculated using Eq. (2) in the main text and using the measured responsivity and noise
floor of the device. The experimentally measured responsivity of the sensor in V/Pa is
shown in Fig. 8. As can be observed and might be expected, the response is stronger at low
frequencies though, as can be seen in the main text, the noise floor is also increased at low
frequencies due to 1/f noise. The response also exhibits sharp resonances, as expected for
a resonantly enhanced sensor.
IX. FLUIDIC DAMPING OF MICROMECHANICAL DEVICE
In this section we outline expressions and describe an experiment that allows the flu-
idic damping due to the interaction of our spoked-disk micromechanical resonator with its
gaseous environment to be estimated. We follow reference [17]. There are three common
forms of fluidic damping relevant to micromechanical devices: ballistic damping, due to
collisions of gas molecules with the surface of the resonator; drag force damping, due to
viscousness of the gas and the velocity gradient between the boundary layer near the surface
of the resonator and more distant points in the fluid; and squeeze-film damping, due to
the change in pressure introduced by motion of the resonator near its substrate. Ballistic
damping is generally only significant in high vacuum conditions, and is therefore not con-
sidered further here. The other two forms of damping, in general, introduce a combined
force that opposes the velocity of the resonator. Following Chapter 3 in reference [17], and
treating the resonator as thin, so that the spatiotemporal eigenmodes u(x, y, z, t) which
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FIG. 7. Noise equivalent pressure sensitivity. Pressure sensitivity as a function of frequency
(black lines) and the applied pressure (red lines) as measured using a network analyser. The open
symbols are reference points directly measured using a spectrum analyser at certain frequencies
for further validation of the network analysis.
describe the displacement of each small region of the resonator vary only in the plane of
the resonator (defined as the {x, y} plane here), and do not depend on the z-coordinate
(i.e. u(x, y, z, t) = u(x, y, t)), this force can be written as F = −µlu˙(x, y, t) where µ is the
coefficient of viscosity of the fluid and l is a geometry-dependent characteristic length-scale
to be determined later. To find the rate of damping due to the gas γgas, this force should be
compared to the acceleration of the resonator Faccel = mu¨(x, y, t), where m is the effective
mass of the mode described by u. Considering the acceleration and damping terms in the
general equation of motion for harmonic oscillation mx¨ + mγx˙ + kx = Fext, where k is the
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FIG. 8. Responsivity of the sensor in V/Pa.
spring constant and Fext the external force, we see that γgas is given simply by
γgas = µl/m, (22)
in angular units.
The power spectral density of the thermal force noise introduced by fluctuation-dissipation
to complement this fluidic dissipation is
ST,gas = 2mγgaskBT = 2µlkBT, (23)
where, of course, kB is the Boltzmann constant, and T is the temperature of the system.
Since the incident acoustic wave travels within the gaseous medium, ST,gas presents a fun-
damental bound on the pressure sensitivity of a micromechanical acoustic sensor of fixed
geometry and a particular gaseous medium.
Given that the thermal fluctuations introduced by the interaction with the gas are in-
dependent from those introduced by thermal vibrations of the substrate and any other
damping mechanisms intrinsic to the resonator, the total thermal force noise experienced by
the resonator is
ST = 2m(γ + γgas)kBT = 2(mγ + µl)kBT, (24)
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where γ is the intrinsic decay rate of the resonator, and the total mechanical decay rate
γm = γ + γgas. Inserting this expression into equation (13) we find the minimum detectable
pressure
Pmin(ω) =
√
SPP(ω) =
1
rζA
√
2(mγ + µl)kBT +N−1|χ(ω)|−2, (25)
as given in the main text, where r is the pressure participation ratio (see main text Fig. 2d),
and ω is the drive frequency of the acoustic wave. Note that, since the sensor and detection
system are linear, the effect on inefficiencies in detection are simply to transform the effective
intracavity photon number from N → ηN where η is the efficiency with which light leaves
the optical resonator and is successfully detected at the detector.
A. Experimental characterisation of the gas damping
In order to determine the contributions to the noise equivalent pressure from intrinsic
mechanical dissipation and from fundamental gas damping, we placed the device in a vacuum
chamber and swept the pressure from 0.056 mbar to atmosphere. We monitored the damping
rate of the resonance observed at 315 kHz. At the lowest measured pressure, the decay rate
plateaus to a minimum of 150 Hz, corresponding to the intrinsic mechanical dissipation γ,
whereas at atmospheric pressure, the decay rate reaches 1, 430 Hz. The difference between
these two values corresponds to a gas damping rate of γgas/2pi = 1, 260 Hz. Mechanical
resonances for three different pressures, measured using a spectrum analyser, are shown in
Fig. 9.
The contributions to the noise equivalent pressure from intrinsic dissipation and gas
damping could potentially also be distinguished by varying the viscosity of the gas in other
ways; for instance by changing the constituents or temperature of the gas. Evacuating the
sample chamber is particular attractive because it suppresses the gas damping by several
orders of magnitude without affecting the intrinsic dissipation, and therefore allows a direct
and accurate measurement of the intrinsic dissipation. By contrast, decreasing the tem-
perature of the enclosure by 100 degrees to ∼200 K would only reduce the air viscosity by
a factor of two. Similarly, replacing the air with alternative gas such as carbon dioxide,
hydrogen, helium or xenon would also only alter the viscosity by a factor of two or less. A
further complication associated with changing the temperature is that the intrinsic mechan-
ical dissipation is also temperature dependent, for instance decreasing by roughly a factor
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of four with a 100 degree decrease in temperature for devices similar to ours in Ref. [19].
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FIG. 9. Brownian noise spectra of a mechanical resonance with varying static pressure.
Power spectral density versus detuning around the 315 kHz resonance for different pressures with
decay rates of 1430 Hz, 535 Hz and 150 Hz at pressures of 1000 mbar, 44 mbar and 0.056 mbar
respectively. Note that the vertical axis of this plot is uncalibrated, and varied for measurements
at different pressures due to drifts in the experimental apparatus, including the taper-microdisk
separation and the optical polarisation.
B. Determining the characteristic length-scale
From the experimentally observed gas damping of γgas/2pi = 1, 260 Hz we can directly
determine a viscous length-scale l = 2pi · 8.1 mm. The length scale has two components
– one from drag damping (ldrag), and one from squeeze film damping (lsqueeze). While the
viscous drag damping can be reliably calculated for our geometry, as shown in the following
paragraphs, the viscous squeeze film damping depends sensitively on the height profile of
the underlying substrate. In our case, large height variations arise in the silicon substrate
below the sensor due to our fabrication process, as can be seen in Fig. 2a of the main
text. This makes the exact determination of the viscous squeeze film damping extremely
challenging, and beyond the scope of this work. We instead infer the characteristic length
scale for squeeze film damping from the experimentally extracted total gas damping and the
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calculated viscous damping.
1. Determining the viscous drag length scale
Chapter 3 of Ref. [17] gives the drag force for several geometries, with the general form
Fdrag = −6piξµ
√
A u˙(x, y, t), (26)
where, again, µ is the coefficient of viscosity of the fluid, which for air at room temperature
is around µ = 1.8×10−5 kg/ms, A is the surface area of the top surface of the resonator and
ξ is a dimensionless geometry dependent coefficient which is generally on the order of unity.
For instance, for a free sphere, a vertically moving disk (z direction), and a horizontally
moving disk, it is given by ξ = {1, 0.85, 0.567}, respectively.
From Eq. (26), we find
ldrag = 6piξ
√
A = 6pi3/2ξ
√
R2 − r2 ≈ 3pi
(
2ξ
√
A
)
, (27)
γdrag =
µl
m
=
3piµ
m
(
2ξ
√
A
)
. (28)
It should be noted that in these expressions m is the effective mass of the mechanical
eigenmode, which we determine to be m ∼ 110 ng ∼ M/2 from finite element modelling,
while the drag damping calculations assume a uniform vertical motion of the disk - that is,
it does not account for any structure in the mechanical modeshape.
Calculations that fully account for the modeshape dependence of gas damping are beyond
the scope of this work. However, it can be approximately accounted for via a simple thought
experiment. We imagine that the component of the annular disk is such that the surface of
the disk within a radius r′ of its axis is perfectly stationary, while the component between
r′ and the major radius of the disk R moves uniformly. That is, the mechanical eigenmode
is a step-function in the radial direction, with no motion at radii less than r′. In this case,
the effective mass of the resonator is equal to
m = M × A
′
A
= M ×
(
R2 − r′2
R2 − r2
)
, (29)
where A′ is the area of the moving component of the annular disk and M is the total mass
of the annular disk.
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Since the moving component of the annular disk is also an annular disk with the same
major radius R, but minor radius increased to r′, Eqs. (27) and (28) can be applied to
approximate the drag damping and its characteristic length scale, but with the replacement
A→ A′. We then arrive finally at
l = ldrag ≈ 6piξ
√
Am
M
, (30)
γdrag =
µldrag
m
≈ 6piµ
m
ξ
√
Am
M
. (31)
The relevant parameters of our device are µ = 1.8× 10−5 kg/m s, R = 148 µm, r = 82 µm,
a mass of around M ∼ ρtA = 230 ng, and an effective mass of m ∼ M/2, where ρ =
2650 kg/m3 is the density of silica, t = 1.8µm the thickness of the resonator, and A its area.
We choose ξ = 0.85, consistent with expectations for a vertically moving disk.
In order to state a sensitivity in units of Pa/
√
Hz, where Hz is the inverse of the actual
measurement time, we include an extra scaling factor of 2pi to convert from radial units that
are used in the derivations above: l→ l/2pi = mγ/2piµ. We then find
ldrag ∼ 0.4 mm, (32)
γdrag/2pi ∼ 62 Hz. (33)
From this, we infer an approximate squeeze film damping characteristic length scale of
lsqueeze = l− ldrag = 7.7 mm  ldrag, suggesting that squeeze film damping is dominant, and
thus the total gas damping could be significantly reduced by increasing the distance between
the sensor and the substrate.
2. Squeeze film damping in the presence of a flat substrate
In this Section we will derive an approximate expression for the squeeze film damping
above a flat substrate. While, due to the large height variations of the substrate across the
area of our device, this analysis can not be used to determine lsqueeze, we can use it to assess
how an optimized sensor geometry could be designed.
Ref. [17] calculates the squeeze film force for a vertically moving annular disk with major
and minor radii of R and r, respectively, to be
Fsqueeze = −3piµR
4G(β)
2h3
u˙(x, y, t), (34)
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where h is the separation of the bottom of the resonator from the substrate, β = r/R and
G(β) = 1− β4 + (1− β
2)2
ln β
. (35)
Using these expressions, we find directly that
lsqueeze =
3piR4G(β)
2h3
. (36)
To account, roughly, for the eigenmode shape of the mechanical mode of the sensor,
following the approach taken in the previous section, we can redefine a modified β as
β′ =
r′
R
=
√
1− A
piR2
m
M
=
√
1− (1− β2) m
M
, (37)
where we have used the fact that A/piR2 = 1− β2. We then find
lsqueeze ≈ 3piR
4G(β′)
2h3
, (38)
γsqueeze ≈ 3piµR
4G(β′)
2mh3
. (39)
The relations derived in this Section for the characteristic length scales and damping rates
for air-drag damping and squeeze-film damping, combined with modelling of the intrinsic
mechanical damping, such as that performed in Ref. [18], allow approximate prediction of
the thermomechanical noise limited sensitivity of a general spoked-microdisk cavity optome-
chanical acoustic sensor.
3. Designing the device to reach optimum sensitivity
As given in Eq. (23), the thermal force noise introduced by fluidic dissipation, and there-
fore the gas-damping limited pressure sensitivity, only depends on the Boltzmann constant,
the temperature, the gas viscosity and the characteristic length-scale. Therefore, the char-
acteristic length-scale is the only device-dependent parameter which can be engineered to
optimise the sensitivity in this limit. The right-hand-side of Eq. (30) represents the charac-
teristic length-scale for air-drag damping. As can be seen, apart from the geometric-factor
ξ this depends only on the area of the resonator which is fixed for a given desired spatial
resolution and the ratio of mass to effective mass. The air-drag damping limited sensitivity
is therefore also fixed for given desired spatial resolution and device geometry. On the other
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hand, the squeeze-film damping characteristic length-scale (right hand side of Eq. (38)) de-
pends on the height of the device above the substrate h, decreasing with increasing height.
The two characteristic length-scales are equal for h = (R4G(β′)/(4ξ
√
Am/M))1/3. Taking
the rough approximation that A ∼ R2, m = M , and β ∼ 0 so that the hole in the annular
disk is small relative to its diameter, this becomes h ∼ R. We therefore see that squeeze-film
damping can be expected to significantly degrade the pressure sensitivity if the height of the
device is small compared to its radius. This is the case for our existing devices as can be seen
from Fig. 2a in the main text, consistent with our observation above that squeeze film damp-
ing dominates drag damping for our devices. Given the 1/h3 scaling in Eq. (38), it is clear
that by developing a modified fabrication process that allow our devices to be suspended
further from the substrate, the squeeze-film damping could be greatly suppressed.
It is interesting to also observe that l, and therefore the thermal force noise from gas
damping, is independent of the thickness of the device. On the other hand, as can be seen
in Eq. (24), the force noise due to intrinsic damping into the substrate increases linearly
with thickness, through the increase this causes to the device mass. Consequently, as the
resonator becomes increasingly thin, and the intrinsic thermal force noise decreases, the noise
introduced by gas-damping will become dominate (as is already the case for our devices).
For sufficiently good optical measurement and a sufficient height above the substrate, this
would allow the sensor to operate at the air-drag damping force noise floor. Indeed, for a
sufficiently thin device, it may be possible to achieve an air-drag damping-limited noise floor
even without the presence of spokes to isolate the device from substrate thermal noise. In
this case, the active sensing would be increased by around 40% improving the sensitivity by
a similar margin.
X. ESTIMATION OF SENSITIVITY OF TRACE GAS SENSING BY PHOTO-
ACOUSTIC SPECTROSCOPY
Photo-acoustic gas spectroscopy is based upon sensing the acoustic waves generated by
gas moleucles due the light absoprtion. Excitation light is properly chosen to be on resonance
with one of the spectral lines of the gas molecules. Absorption of light in the gas produces
local heating in the sample which results in local pressure increase. If the excitation light
is pulsed or a modulated continuous-wave (CW), the generated heat in the gas will result
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in generation of acoustic waves at the modulation frequency. Photo-acoustic gas sensing is
based on measuring the generated acoustic pressure to measure the gas absorption and so
the concentration of the sample gas. The optomechanical sensor has high sensitivity together
with microscale area. Hence, it offers the possibility to image gas concentrations with high
resolution. Here we consider one example, the possibility to measure the CO2 exchange of
photosynthetic cells.
We can estimate the lowest gas concentration which can be measured by the optomechan-
ical acoustic sensor in vicinity of a photosynthetic sample such as a plant leaf [20]. For this.
we need to connect the minimum detectable pressure by the opto-mechanical microphone
to the optical absorption coefficient in order to calculate the minimum of gas concentration
which can be measured. We consider a microscale photosynthetic sample which exchanges
CO2 with its environment. We place the acoustic sensor at a distance r from the sample
and shine a pulsed laser through the gas in the vicinity of the sample. We choose the
spectral line of CO2 at λ = 4, 329.93 nm (k = 2311.105 cm
−1) having line intensity of
S = 4.7× 10−19 cm−1
molec.cm−2 .
For the remainder of the analysis we follow [21] to find the relation between absorption
coefficient of the gas and the generated photoacoutic pressure. As in [21], we consider a
thin optical medium (low absorption) for which αl  1 where α is the optical absorption
coefficient and l is irradiation length or length of the photoacoustic source. We further
assume that the sound wave can exit the irradiated zone within the pulse duration so that
Rs < vτL, where Rs is the radius of the laser beam, v is the speed of sound and τL is the laser
pulse duration. Therefore, the effective source radius is R = vτL. The second assumption
can therefore be rewritten as Rs < R, i.e. that the radius of the laser beam should be
smaller than the source radius. Moreover, the source volume can be written as V = piR2l.
The coefficient of expansion of air, β is
β =
∆V
V∆T
, (40)
where ∆V = pi(R+∆R)2l is the initial expansion of the source volume after the laser beam,
and ∆T , the rise in the temperature after a pulse, is [21]
∆T =
Eαl
ρV Cp
, (41)
in which E is the energy of the laser pulse, ρ is the density and Cp is the heat capacity of
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air. Therefore, ∆R, the initial expansion of the source radius becomes [21]
∆R =
βEα
2piρCpvτL
. (42)
The peak displacement, Us(r) at distance r from the photoacoustic source varies as
1
r
for
spherical sound waves. Hence,
Us(r) = ∆R(
R
r
) =
βEα
2piρCpr
. (43)
the peak acoustic pressure is [21]
Ppeak(r) ≈ vρUs(r)
τL
. (44)
Equations (43) and (44) result in
α ≈ 2piCpτLr
vβE
Ppeak(r). (45)
To calculate the minimum detectable concentration we first need to relate the peak acoustic
pressure to the effective acoustic pressure driving the mechanical mode over a period of the
mechanical motion. The conversion factor can be estimated as the ratio of the laser pulse
duration and the mechanical period over which the pressure is being applied. We have
Peff(r) = Ppeak(r)τL
ωm
2pi
, (46)
in which ωm is the mechanical frequency. Moreover, the absorption coefficient is proportional
to gas concentration as
α =
cS
2γG
, (47)
in which S = 4.7× 10−19 cm−1
molec.cm−2 is line intensiy of CO2, γG = 0.06 cm
−1 is gas linewidth
of and c is the number density of gas molecules. Using equations (45), (46) and (47) we can
write
cmin ≈ 8pi
2γGCpr
vβESωm
Peff−min, (48)
where Peff−min is the minimum pressure that can be detected by the optomechanical trans-
ducer and cmin is the minimum detectable gas molecules number density. At room tem-
perature, T = 300 K, β = 0.0034 1
K
and Cp = 1.005
kJ
kg.K
. We further assume a pulsed
laser having a pulse energy of E = 1 µJ and a pulse duration of τL = 1 µs. This pulse
duration is short enough to satisfy the condition of Rs < vτL for a typical laser beam radius
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of Rs = 50 µm but also long enough to avoid thermal diffusion during the exposure. If
we choose the acoustic frequency of ν0 = 318 kHz at which the optomechanical sensor can
detect acoustic pressures as small as Pmin = 84 µPa, using equation (48) at r = 100 µm, we
get cmin = 3.5×1011 moleccm3 which is equal to 12.5 ppb. The concentration of CO2 around leaf
cells investigated in [20] is of the order of 100 ppm. Therefore, our sensor can be expected to
be sensitive enough to measure CO2 exchange of photosynthetic cells with a high resolution.
XI. MEASUREMENT OF THE ACOUSTIC WAVES GENERATED BY THE
NANOSCALE VIBRATIONS OF CELLS OR BACTERIA
Bio-identifications are required in various fields including medicine, food and beverages,
water, safety, public health and security. Current procedures of bacteria detection are costly,
time-consuming and based on cell culture which require laboratory and microscopic analysis
done by a trained person. However, self-contained mobile bio-sensors can simplify fast
diagnosis in place even for the some bacteria that can not be cultured in laboratory [22].
There are recent experiments on bacteria, yeast and plant cell samples in liquid and soil
which show bacteria and yeast produce vibrations with displacement amplitudes of 1-100 nm
and plant cells produce vibrations with displacement amplitude of 1-30 nm [23–26]. These
experiments are performed for cell concentrations of 108 and 107 CFU/ml which respectively
include 96 and 27 bacteria per sample [25].
Our opto-mechanical acoustic sensor can be used to study micro-organisms through de-
tecting these vibrations and hence there is no need to grow cells in an especial probing
medium. We can consider a very thin layer of bacteria or cell in a liquid which is coated on
a silicon or glass substrate and hold our acostic sensor very close to the sample such that we
can ignore the air attenuation of the acoustic waves generated by cells. In order to estimate
if our sensor is sensitive enough to probe such vibrations, we need to estimate the pressure
produced by these micro-orgnisms vibrations and compare it with the minimum presure
that our sensor can detect at a given frequency. The pressure generated by the vibrational
displacements can be calculated as
P = piν0Zaird, (49)
in which ν0 is the vibration frequency, Zair =413 Pa.s/m is air impedance and d is the
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FIG. 10. Opto-mechanical acoustic sensor performance for cell vibration detection. The
circles are experimental sensitivities (at a bandwidth of 1 Hz) for our sensor with given size. Our
sensor is scalable and it can be fabricated slightly larger or smaller thereby changing its sensitivity
at different frequency. However, more or less the solid black line shows a guide to the eye for
expected sensitivity of such sensor we have. The color solid lines show the amount of pressure
generated by the cell versus frequency for different displacements.
displacement. For ν0 = 10 kHz and d =1 nm we have P = 1.3 × 10−2 Pa which suggests
that our acoustic sensor should be able to quite easily detect cell vibrations.
Fig. 10 shows how the opto-mechanical sensor performs for cells vibrating at other fre-
quencies and with smaller displacement amplitudes. As can be seen, the sensor should be
applicable to sensitively detect small cellular vibrations at frequencies across the full range
over which it has been calibrated. We note, further, that the broadband sensitivity of bet-
ter than 10 mPa/
√
Hz is sufficient to monitor cellular vibrations across the full continuous
frequency range. One technical consideration is that, as with other resonant sensors and as
discussed earlier in the Supplement, the responsively of the sensor fluctuates significantly
over the measurement band. These fluctuations are static in time, and therefore could be
compensated for in post-processing to produce an accurate spectrum of cellular vibrations.
Alternatively, as discussed in the main text and in more detail later in the Supplement,
optomechanical cooling techniques could be employed to broaden the mechanical resonances
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and flatten the response without degrading singnal-to-noise.
Our opto-mechanical acoustic sensor can also offer some other advantages for cell detec-
tion such as using this sensor one does not need an agent as in [23–26] since the sensor can
measure cells vibration without need to attach them to the sensor. Moreover, we can detect
the magnitude and frequency of the vibrations and scan over xy coordinates to map the
vibrational pattern. This enables studying and investigating different bacteria in a sample.
This sensing enables the experimenter to measure spectral density of the acoustic waves
generated by the cell which may help to understand the difference between different types
of cells (maybe cancer detection) or many other cell biology investigation such as prob-
ing fast phenomena happening on the cell wall or inside it. The cell wall can also behave
like a membrane transferring internal oscillations to the air and finally to the sensor. This
suggest that our sensor has significant potential in developing micromechanical sensors for
micro-organisms.
XII. OPTOMECHANICAL COOLING
As discussed in the main text, a range of techniques have been developed in the quantum
optomechanics community to cool the motion of mechanical resonators (see e.g. [27–32]).
These cooling processes also, by necessity broaden the mechanical resonances. This broad-
ening can be used to flatten the resonant response of the sensor. Unlike other methods to
broaden mechanical resonance, for example, by introducing additional damping, however,
since the ideal laser acts as a zero temperature bath [15], these quantum optomechanical
cooling techniques do not add additional thermal noise. Therefore, they can be used to
flatten the response of an optomechanical system without the usual cost of additional noise.
The fractional broadening of the mechanical resonances which is possible can be quantified
using a single parameter, the optomechanical cooperativity
C =
4g20N
κγ
, (50)
where g0 is the vacuum optomechanical coupling rate, N is the number of intracavity pho-
tons, κ is the optical decay rate, and γ is the mechanical resonance linewidth. Optome-
chanical cooperativities in the range of 103 to 106 can generally be readily achieved [33].
Application of, for example, feedback cooling [30, 31], can broaden the mechanical linewidth
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by as much as a factor of C. So, for example, a mechanical resonance at 500 kHz with
a quality factor of 1,000 (and therefore linewidth of 500 Hz) could to broadened to give a
near-flat response.
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